The characteristics of vibrational power flow in an infinite laminated composite cylindrical shell filled with fluid excited by a circumferential line cosine harmonic force are investigated using wave propagation approach. The harmonic motions of the shell and the fluid filled in the shell are described by Love shell theory and acoustic wave equation, respectively. Under the driving force, the vibrational power flow input into the coupled system and the transmission of the power flow carried by different internal forces (moments) of the shell in the axial direction are established. Numerical computations are implemented to investigate the vibrational power flow input and its propagation. It is found that characteristics of the vibrational power flow vary with different circumferential mode orders and frequencies, and the presence of fluid in the shell significantly affects the vibration of the shell structure. Additionally, parametric investigations are carried out to study the effects of the fiber orientation, modulus ratio 11 / 22 , and thickness-to-radius parameter ℎ/ on input power into the coupled system and propagation power along the shell axial direction. This work will provide some guidance for the vibration control of the laminated composite cylindrical shell.
Introduction
Laminated composite cylindrical shell commonly applied in structural designs is an important element of submerged and floating structures due to its excellent mechanical characteristics of high specific strength-to-weight ratio, good fatigue resistance, and ease of fabrication [1] [2] [3] [4] [5] . The vibration problems of fluid-filled shell systems are also common and important in many fields [6] [7] [8] [9] [10] . It is well known that vibration not only causes severe noise pollution, but also affects the normal working of equipment installed on piping systems. Therefore, it is very necessary to provide insights into the characteristics of dynamic response for the fluid-filled laminated composite cylindrical shell system.
Numerous researches have been conducted on the vibration characteristics of the composite circular cylindrical shell, and most are focused on vacant shell. For example, Lam et al. [11] investigated the effect of boundary conditions and fiber orientation on the natural frequencies of orthotropic laminated cylindrical shells by Love's first approximation theory and Ritz's procedure. Jafari et al. [12] used the first Love approximation theory to study the free and forced vibration characteristics of the composite circular cylindrical shell. Ferreira et al. [13] employed the first-order theory of Donnell to illuminate the natural frequencies of doubly curved cross-ply composite shells, and a meshless method is adopted for discretization of motion equations. Alibeigloo [14] investigated the vibration characteristics of anisotropic laminated cylindrical shell by using differential quadrature method. Asadi et al. [15] investigated static and free vibration characteristics for cross-ply cylindrical shells by using firstorder shear deformation theory. Viola et al. [16] studied the vibration characteristics of completely doubly curved laminated shells by using a higher-order shear deformation theory, associated with the application of generic shear functions. Khalili et al. [17] studied the free and forced vibration characteristics of the composite cylindrical shell subjected to the transverse impulse loading using the first-order shear 2 Shock and Vibration deformation theory. Amabili and Reddy [18] developed a higher-order shear deformation nonlinear theory, and then large-amplitude forced vibrations of laminated circular cylindrical shell were studied by using the developed theory.
A few investigations have been made on the vibration characteristics of the circular cylindrical shell filled with fluids. Zhang et al. [19] studied the natural frequencies of finite fluid-filled cylindrical shells by using the wave propagation method. The result showed that the fluid effect on the shell was significant. Iqbal et al. [20] used the wave propagation method to make the vibrational analysis of a functionally graded material (FGM) circular cylindrical fluid-filled shell. Natsuki et al. [21] investigated the vibration characteristics of fluid-filled double-walled carbon nanotubes based on the proposed simplified Flügge shell equations using the wave propagation approach. Kadoli and Ganesan [22] studied the free vibrational analysis of the composite cylindrical shell filled with hot fluid based on the first-order shear deformation theory. Paak et al. [23] investigated the large-amplitude vibrations of the circular cylindrical tanks filled with liquid based on Flügge's shell theory. Many studies have been conducted on the vibration of the partially fluid-filled isotropic and composite tanks. Xi et al. [24] studied free vibration of partially fluid-filled laminated composite circular cylindrical shells, and the influence factors such as circumferential wavenumber, fluid depth, and boundary condition have been investigated systemically. Saviz [25] also investigated the free vibration of partially fluid-filled laminated composite circular cylindrical shell based on Rayleigh-Ritz method. Although both vibrational power flow concerning circular cylindrical shell and vibrational characteristics in laminated composite cylindrical shell have been studied by numerous scholars, literatures about the characteristics of vibrational power flow in a laminated composite cylindrical shell filled with fluid are rarely found.
The wave propagation approach is very valuable in the vibrational analysis of thin cylindrical shell. Xu and Zhang [26] studied the characteristics of vibrational power flow in an infinite elastic circular cylindrical shell filled with fluid based on Flügge's thin shell theory and Helmholtz equation. Yan et al. [27] also studied the vibrational power flow for a submerged infinite cylindrical shell excited by a radial cosine harmonic line force based on the wave propagation approach. Gan et al. [28] also studied the free vibration of ring-stiffened cylindrical shell subjected to hydrostatic pressure based on Flügge's classical thin shell theory by the wave propagation approach. Bahrami and Teimourian [29] investigated the free vibration and wave reflection of carbon nanotubes by using the wave propagation approach.
From the above, we can draw the conclusion that much attention has been paid to the free vibration and forced vibration characteristics of the laminated cylindrical shells. Few of them have investigated the vibrational power characteristics of infinite laminated cylindrical shells. In this paper, the characteristics of vibrational power flow in a laminated composite cylindrical shell filled with fluid excited by a circumferential line cosine harmonic force are investigated with wave propagation approach. The harmonic motions of the shell and the fluid filled in the shell are described by Love shell theory and Helmholtz equation, respectively. Vibrational power flow input into the coupled system and its propagation along the shell axial direction are both studied. Additionally, investigations are carried out to study the effects of the fiber orientation, modulus ratio 11 / 22 , and thickness-to-radius parameter ℎ/ on input power into the coupled system and propagation power along the shell axial direction.
Fundamental Equations of Laminated Composite Cylindrical Shell
The composite cylindrical shell can be defined through thickness ℎ, radius , and axial length , as exhibited in Figure 1 (a). The orthogonal coordinate system ( , , and ) is built up at the middle surface of the cylindrical shell. The , , and coordinates are considered as the axial, circumferential, and radial directions of the cylindrical shell, respectively. The corresponding displacement components of the cylindrical shell are expressed as , V, and , respectively. According to Love theory, the motion equations of the cylindrical shell can be expressed through the force components and the moment components :
where and can be calculated by the corresponding stress components , , and at a distance from the middle surface:
According to Hooke's law, the stress components , , and for a thin shell can be expressed through the corresponding strain components , , and at a distance from the middle surface:
According to Love's approximation theory, , , and can be calculated by the middle surface strain components 1 , 2 , and and the thickness coordinate : where 1 , 2 , and are the middle surface curvature components of the cylindrical shell. The middle surface strain components and their corresponding curvature components are defined according to displacement components of the cylindrical shell:
Associated with (2)-(5), the force and moment components can be expressed as 
where the extensional stiffness , coupling stiffness , and bending stiffness are expressed as
where −1 and are the boundaries of the th layer. is the elastic stiffness constant of the th layer. in (7) is defined as 
For the thin laminated composite cylindrical shell, the modulus components can be obtained from the engineering elasticity constants. The reduced transformed stiffness can be expressed based on material properties as follows: 
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The Response of the Coupled System
The following spatial displacement field of the cylindrical shell can be expressed in the form of wave propagation:
where , , and are constants respecting the amplitudes of displacement in the , , and directions, respectively. n is the circumferential modal parameter, is the circular driving frequency, and is the axial wavenumber. The fluid in the cylindrical shell is supposed to be incompressible and inviscid which should satisfy the acoustic wave equation. The motion equation of the fluid can be expressed as
where t is time, p is the acoustic pressure, and c is the sound speed of the fluid. The associated form of the acoustic pressure field in the coupled system can be defined as
where J n () is the Bessel function of circumferential mode order n. The parameter is the radial wavenumber. Meanwhile, and should be satisfied by the following equations:
where Ω is the nondimensional frequency. and are the sound speed of the shell and fluid, respectively.
In the vibrational analysis, the radical displacement for the cylindrical shell and filled fluid should be the same at the interface between them to ensure contacting with each other. So the coupled boundary at the interface should meet the following:
where is the density of the filled fluid and () denotes differentiation with respect to the argument . Considering the acoustic pressure on the shell and the coupling (14) , motion equations of the coupled system can be expressed as 
where ( , = 1, 2, 3) can be obtained by after they are operated on with and .
is the fluid loading term owing to the acoustic pressure on the shell and is expressed as
where is the density of the shell.
Power Flow Input and Transmission
The shell wall is excited by a harmonic line force applied on the circumference at =0, and it is specified by
where the constant term F 0 represents the amplitude of harmonic line force. The cosine function cos( ) represents the distribution of force along circumferential direction. The exponential function exp( ) represents the harmonic force. Substituting (12) into the original motion equations of the fluid-filled shell (19) gives the spectral motion equations of the forced response of this coupled system:
31 32
The solutions of the equations are 
where the elements of matrix ( , = 1, 2, 3) are the inverse of matrix ( , = 1, 2, 3) and can be given as 
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Through making the inverse Fourier transform of (23), the shell displacements can be obtained as
When the shell is excited by an external harmonic force ( , ) radially, the radial response of the shell at the cross section x=0 can be calculated according to (20) and (24). Therefore, the input power flow into the shell produced by the exciting force can be obtained as
Here, the asterisk represents the complex conjugate, and
And the nondimensional input power flow can be expressed as
When the shell wall is subjected to the radial exciting force, the vibrational input power flow will be transmitted in the axial direction from the exciting location, along with the generated vibration waves propagating. The displacement components ( ), V( ), and ( ) of the shell and its radial slope ( )/ at x=0 can be obtained from (24) . There are four internal forces (moments) of the shell wall in the axial direction, which are the axial force ( ), torsional shear force ( ), transverse shear force ( ), and bending moment ( ), respectively. Associated with displacement components, the components of vibrational power flow carried by the internal forces (moments) at the cross section = can be obtained as
The total vibrational power flow can be written as
Once the driving force inputs power flow into the shellfluid coupled system, the four kinds of power flow will be transmitted in the axial direction from the exciting location. Due to symmetry of the transmission, only half of the input power will be considered in the positive direction of the shell. From the viewpoint of energy, four kinds of power flow can be characterized by the ratios of the power flow carried by different shell internal forces (moment) to the total power in the shell wall, namely,
The power flow components ( ) , ( ) , and ( ) = ( ) + ( ) denote the shell motion in the extensional, torsional, and radial directions, respectively.
Verification of the Present Method
In this paper, a simple numerical method [27] is employed to obtain the integral in (22) . It should be mentioned that structural damping is adopted to shift Young's modules 2 to be complex, namely, 2 = 2 (1 − ), which can avoid singularities occurring in obtaining the integral. It is necessary to determine the appropriate upper truncation point in integral ranges. If the error between the integral values in [− , ] and in [−0.5 , 0.5 ] is not more than 1%, the parameter is considered as the upper truncation point. And then the exact integral value can be calculated by Gauss integral method in this integral range.
To check the accuracy of the uncoupled vibration (the case of = 0) analysis of a finite shell, the nondimensional frequency parameters Ω = √ / 22 are compared with those in the literatures [30, 31] , as shown in Table 1 Here, a value of = 1 is adopted and corresponding parameter is selected from 1 to 10 for these comparisons. The comparisons demonstrate that there is a good agreement between the results of the present analysis and [30, 31] .
To check the accuracy of the coupled vibration (the case of ̸ = 0) analysis of a finite shell, no available results for the laminated cylindrical shell are found in the published literature. Therefore, the isotropic cylindrical shell with clamped-clamped (C-C) boundary condition is chosen to verify the proposed coupled vibration analysis, and the natural frequencies are compared with those in the literature [19] . The shell is made of steel with mass density 1 = 7850 kg/m 3 , Poisson's ratio V = 0.3, and Young's modulus = 210 GPa. The length, radius, and thickness of the shell wall are, respectively, 20, 1, and 0.01 m. The shell is filled with water whose sound speed = 1500 m/s and mass density 2 =1000 kg/m 3 . The modal vector of the coupled vibration is defined as mode of the axial wavenumber and the circumferential wavenumber of standing wave. The first eight coupled natural frequencies of the shell can be obtained by the abovementioned analysis and compared with the results obtained by the FEM/BEM (2000 and 2800 elements) analysis with SYSNOISE, as shown in Table 2 . The differences between the present analysis and [19] are within 3.5%. The comparisons indicate that the proposed coupled vibration analysis method is reasonable and the calculated results are reliable.
Numerical Results and Discussion
Some numerical computations are conducted to investigate the vibration analysis of the coupled system, including the power flow input into the shell wall and its power flow transmission in the axial direction. Besides, the influence factors such as the fiber orientation, modulus ratio 11 / 22 , and thickness-to-radius parameter ℎ/ are discussed in detail. The following parameters of the coupled system have been employed in the analysis. The material parameters of the shell are given as 22 =7.6 GN/m Filled-water In vacuo = 1640 kg/m 3 , and ℎ/ = 0.0375. The shell with cross-ply [0 ∘ /90 ∘ /0 ∘ ] is filled with water of sound speed = 1500 m/s and mass density 2 =1000 kg/m 3 . The magnitude of radial force is supposed to be = 1 N.
The Vibrational Power Flow Analysis between Filled Fluid and In Vacuo Shell. The nondimensional input flow
against the nondimensional driving frequency Ω for fluidfilled cylindrical shell of different circumferential mode order is plotted in Figure 2 . In order to investigate the effect of filled water, the results of the same shell in vacuo are also plotted. It is obvious that the input power flow varies with circumferential mode order and nondimensional frequency. force power flow. From the above, it can be concluded that the filled water will greatly influence the input power flow as a result of an additional mass of water and the shell-fluid interaction at middle frequencies. The power flow carried by different internal forces (moment) ( ) , ( ) , ( ) , and ( ) of the fluid-filled shell and vacant shell against the nondimensional axial distance / is investigated, as shown in Figure 3 . The low circumferential mode orders = 0 and = 1 are discussed in the following, which are the most common cases for the coupled system. Correspondingly, three kinds of representative frequencies (low frequency Ω = 0.3, middle frequency Ω = 1.2, and high frequency Ω = 3.0) are chosen for analysis. It should be noted that the negative values represent the notion that the power flow may be transmitted in the opposite direction. At the driving point / = 0, there is ( ) = 1 at any frequency for any circumferential mode order. In other words, at the vicinity of the driving point, the total energy transmitted by the shell is almost concentrated on flexural motion; as / increases, the flexural motion weakens rapidly, and other motion modes appear. For the in vacuo shell, ( ) + ( ) < ( ) + ( ) at low frequencies, the power is mainly transmitted by axial force and torsional shear force, whereas the ratio of the power ( ) + ( ) increases as circumferential mode order increases. However, ( ) + ( ) > ( ) + ( ) at high frequencies for any circumferential mode order; this implies that the motion of the shell wall is mainly in radial direction and the power is transmitted by the transverse shear force and bending moment. Similar phenomena can be found for the vacant shell. Besides, for the shell with filled water, ( ) ≈ ( ) at middle frequencies and high frequencies for any circumferential mode order, while ( ) ≈ ( ) at high frequencies for the in vacuo shell. This means that the propagation power carried by the transverse shear force is almost equal to that carried by the bending moments.
The power flow ℎ ( ) transmitted by the shell in the coupled system against axial distance / is described in Figure 4 . For comparison, the power flow transmitted by in vacuo shell is also plotted. The investigation also focuses on three typical frequencies for = 0 and = 1. As / increases, the shell wall experiences interaction with filled water, and ℎ ( ) attenuates gradually along the shell axial direction due to the energy dissipation of damping and sound radiation. The decay speed of fluid-filled shell is much quicker than that of vacant shell at the vicinity of the driving point. The attenuation of vacant shell is nearly linear, while the attenuation of fluid-filled shell has a periodic wave motion, which means the shell-fluid coupling occurs. The power flow transmitted by the shell filled with water is significantly smaller than that by the in vacuo shell, except for the middle frequency. At the middle frequency, the attenuation of the vibrational power flow transmitted by the shell filled with water is quicker than those by in vacuo shell at the driving point, while being gradually slower than those by in vacuo shell along the axial direction. Thus, it can be concluded that the existence of fluid in the shell significantly affects the vibration characteristics of the shell.
The Influence of Fiber Orientation.
In order to illuminate the influence of layer orientation of fiber on the vibration analysis, the fluid-filled cylindrical shell with cross-ply periodic function of distance / at middle frequencies and high frequencies. As the frequencies increase, the vibration period becomes much shorter due to the effect of coupling between the shell and fluid for two cases. This indicates that the layer orientation of fiber has little influence on the power flow transmitted by internal forces.
The power flow ℎ ( ) transmitted by the shell with cross-ply [90 ∘ /0 ∘ /90 ∘ ] in the coupled system is described in Figure 7 . The attenuation of the cross-ply [90 is similar to that in the cross-ply [0 ∘ /90 ∘ /0 ∘ ] shell. At low frequencies, the curve of power transmitted by the shell is nearly linear. This implies that the effect of shell-fluid coupling at low frequencies is weak so that wave motion phenomena can hardly be observed. With the increasing of frequencies, wave motion phenomena can be obviously found because of the strong effect of shell-fluid coupling. Compared with the cross-ply [0 ∘ /90 ∘ /0 ∘ ] shell, power transmitted by the shell for the cross-ply [90 ∘ /0 ∘ /90 ∘ ] shell is slightly stronger at middle and high frequencies and weaker at low frequencies, but the difference is relatively small. This indicates that the cross-ply has little influence on the power transmitted by the shell at high frequencies. 11 / 22 of Material. In order to investigate the influence of modulus ratio 11 / 22 on the vibration analysis of the coupled system, the material stiffness increases to 11 / 22 = 15, six times that in the original model. The input power flow against the driving frequency for fluid-filled cylindrical shell is presented in Figure 8 . It is obvious that the wave amplitudes of the power transmitted by the shell decrease significantly. According to the numerical results, it shows that the power flow into the shell decreases substantially as the axial stiffness increases. So, from the viewpoint of vibration control, it seems useful to properly increase the axial stiffness of composite cylindrical shell.
The Influence of Modulus Ratio
The power flow transmitted by internal forces (moments) of the thicker shell against the axial distance / is shown in Figure 9 . Compared with the results of original model, the variable amplitudes become much more intense at corresponding frequencies for any circumferential mode order. This indicates that the effect of coupling between the shell and fluid becomes intense as the material stiffness 11 / 22 increases. For circumferential mode order = 0, the power flow ( ) carried by bending moment increases as the frequency increases, while the power flow ( ) carried by transverse shear force increases as the frequency increases for circumferential mode order = 1. This implies that the torsional motion strengthens as the frequency increases for circumferential mode order = 0, while the flexural motion enhances as the frequency increases for circumferential mode order = 1.
The power flow ℎ ( ) transmitted by the shell in the coupled system is described in Figure 10 . For circumferential mode order = 0, the power transmitted by the shell rapidly decreases to zero at low frequencies, while the power transmitted by the shell with 11 / 22 = 15 is bigger than that of original model. At middle and high frequencies, the power transmitted by the shell decreases rapidly and the wave motion phenomena become particularly intense due to the effect of shell-fluid coupling becoming stronger. This is because of the increasing of 11 / 22 , which makes the vibrational wave pattern more complex and enhances the coupling effects. Thus, the ability to control the input power flow into the coupled system is improved as axial stiffness strengthens. This indicates that increasing the axial stiffness in the cylindrical shell can greatly improve the performance of the coupled system. 
The Influence of Thickness-to-Radius Parameter ℎ/ .
In order to investigate the influence of shell thickness-toradius on the vibration analysis of the coupled system, the shell thickness increases to ℎ/ = 0.075 with cross-ply [0 ∘ /90 ∘ /0 ∘ ] s , twice that in the original model. The input flow against the driving frequency for fluid-filled cylindrical thicker shell is plotted in Figure 11 . From the results, it can be seen that the power flow transmitted by the shell along the whole frequency bands reduced remarkably with the increasing of shell thickness. This indicates that the shell thickness has huge effect on the power flow into the shell. The power flow transmitted by internal forces (moments) of the thicker shell against the axial distance / is displayed in Figure 12 . For circumferential mode order = 0, ( ) + ( ) > ( ) + ( ) , the shell motion is predominantly in the radial direction. When the circumferential mode order = 1, the torsional motion is coupled with other motions; apart from the close range of the driving point, the torsional motion of the shell wall is primarily the wave motion mode at low frequency. As the frequency increases, the dominating motion gradually attenuates while other motion modes gradually increase, especially for extensional motion along the axial direction. Besides, it is obvious that the amplitude of the power flow transmitted by different internal forces increases as the frequency increases for any circumferential mode order.
The power flow ℎ ( ) transmitted by the thicker shell in the coupled system is described in Figure 13 . Compared with the original model, the attenuation mode of the thicker shell exhibits intense periodic wave motion, which means there is a strong shell-fluid coupling for the thicker shell. At low frequencies, there is no obvious fluctuation for the attenuation of the power transmitted by the shell. This indicates that the effect of shell-fluid coupling is weak. For circumferential mode order = 0, the power transmitted by the shell rapidly decreases to zero at low frequencies, while the power transmitted by the thicker shell is bigger than that of original model. At middle frequencies, the magnitude of power transmitted by the thicker shell is almost the same as that of the original model, whereas the amplitude of the resonance hump is further enlarged. At high frequencies, the power transmitted by the thicker shell decreases rapidly and the wave motion phenomena become particularly intense due to the effect of shell-fluid coupling becoming stronger. This indicates that the thickness of shell has a strong influence on the vibrational power flow propagation. So, making use of thicker shell in middle and high frequency bands will be helpful to control structure vibration.
Conclusions
The paper aims to investigate the characteristics of vibrational power flow in an infinite laminated composite cylindrical shell filled with fluid by using the wave propagation approach. The vibrational power flow input into the coupled system and its propagation are established under a circumferential line cosine harmonic force. Numerical computations are implemented to study the effects of the fiber orientation, modulus ratio 11 / 22 , and thickness-to-radius parameter ℎ/ on input power into the coupled system and propagation power along the shell axial direction. Based on the numerical results, the following conclusions can be drawn:
(1) The wave propagation approach is a noniterative, less computationally intensive, and reasonably accurate method. It can easily handle the vibration analysis of composite shells.
(2) Filled water in the shell will greatly influence the input power flow due to an additional mass of water and the shell-fluid interaction at middle frequencies. The propagation power carried by the transverse shear force is almost equal to that carried by the bending moments at middle frequencies and high frequencies for any circumferential mode order. (4) The power flow into the shell decreases substantially as the modulus ratio 11 / 22 increases, so increasing the axial stiffness in the cylindrical shell can greatly improve the performance of the coupled system.
(5) The thickness of shell has a strong influence on the vibrational power flow propagation; thus, making use of thicker shell in middle and high frequency bands will be helpful to control structure vibration. 
Conflicts of Interest
The authors declare that there are no conflicts of interest regarding the publication of this paper. 
